ABSTRACT In this paper, relative motion model and control strategy for autonomous fixed-wing unmanned aerial vehicle (UAV) carrier landing are addressed. First, a coupled six-degrees-of-freedom (6-DOF) non-linear relative motion model is established from 6-DOF UAV and carrier models. Second, because of the under-actuated characteristic of two vehicles, the 6-DOF relative motion model is simplified to a four-degreeof-freedom (4-DOF) model to facilitate the control design. Third, an adaptive sliding mode control law is proposed to track desired landing trajectory and maintain constant relative pitch and roll angles. Finally, simulation results demonstrate the effectiveness of the proposed control method.
I. INTRODUCTION
The autonomous fixed-wing UAV carrier landing control technology is served as a vital premise for UAV carrier and UAV fulfilling the tasks. Meanwhile, automatic landing technology is also so complicated that it can not be conquered easily. In order to reduce the carrier landing deviation, some methods have been applied to model and control design. In term of model, most of landing models are built on the basis of a single UAV model. Some technologies or methods have been applied to control system, such as deck motion compensation technology, power compensation link, automatic throttle control, direct lift control technology. In the early stage of carrier landing control technology, the classical control methods were adopted to automatic landing systems. The automatic landing system was developed for nearly half a century, the basic structure of the system got little change. With the maturity of the classical control theory, especially the theory and method of frequency domain analysis, the stability of automatic landing carrier have a large progress. Moreover, most of the automatic landing controls only concern about attitude loop control.
In recent years, based on the single UAV model, many nonlinear control methods were proposed in carrier landing systems. In the field of control design, the latest research works mainly focus on optimizing parameters [1] - [3] , improving the control accuracy and robustness of the dynamic inversion control system [4] , [5] , improving the accuracy of sensor [6] , reducing the noise of radar tracking and radio data link [7] . In addition, the fuzzy control method [8] was introduced into control system. In [9] - [11] , it was considered the control of height and pitch angle for landing carrier by designing a fuzzy PID flight control system, but the application of the control law is limited and only developed for the pitch angle under a given height motion. In [12] , a dynamic inversion attitude control law was proposed by using 6-DOF aircraft model. From the recently studies, there are little change in the model. However, in the aspect of space docking, some scholars have tried to use the relative motion mode [13] to achieve the relative motion control design. Moreover, it is rare to take the relative motion model into consideration by means of carrier landing control law. The probable reason is that the 6-DOF carrier model [14] , [15] is very complicated for control design. Therefore, the corresponding 6-DOF relative motion model control law is hard to design. So simplification is inevitable for fulfilling the desired controller [16] . This paper mainly illustrates the control problem of the autonomous fixed-wing UAV carrier landing by relative motion model. The main contributions of this paper are stated as follows. Firstly, based on the 6-DOF models of fixed-wing UAV and carrier, a 6-DOF relative motion model is established for the autonomous fixed-wing UAV carrier landing missions. Taking the under-actuated property of the controlled fixed wing aircraft into account, the proposed 6-DOF relative motion model is simplified into a 4-DOF fully actuated relative motion model to facilitate the control design. Secondly, in order to assure the desired landing trajectory, constant relative pitch and roll angles, and lateral position and velocity, a sliding mode control law [17] is designed for autonomous landing missions. Moreover, the uncertainty parameters [18] and unknown external disturbances [19] are considered in control design, then an adaptive control method is combined with sliding mode control approach to compensate mode uncertainties. Thirdly, it is proved that the designed controller ensures that the relative position and attitude errors converge to zero, and the simulation example verifies the feasibility of the proposed method. 
II. PROBLEM STATEMENT
As shown in Fig. 1, F completes the right-hand orthogonal coordinate system. The model of the UAV carrier landing design in this study is formulated based on the models of the UAV and the carrier. Thus, the 6-DOF mathematical model of UAV and aircraft carrier need to be established firstly. Before setting up the model of UAV and carrier, it is assumed that the travel distance of the UAV and carrier is relatively small compared with the dimensions of the Earth. Then, the earth curvature is ignored and the surface of earth is assumed to be flat.
A. UAV MOTION MODEL
The kinematics of UAV are described by [20] 
where R a is the direction cosine matrix of BRF to ERF; K a is the Jacobian matrix, and The dynamics of UAV in F a are described by
where m a ∈ R is the whole mass of the UAV. The moment of inertia and the products of inertia are described by
are disturbance force and torque respectively; the external force
+ m a g cos φ a cos θ a (6) where δ T , δ a , δ e , δ r , and g denotes the thrust, aileron, elevator, rudder, and gravity, respectively;
and the
B. CARRIER MOTION MODEL
The kinematics of carrier are described by [14] ṗ
where The dynamics of carrier are described by [21] -
where 
C. RELATIVE MOTION MODEL
The relative position and relative attitude in ERF can be described by [24] p
Thus, the relative kinematics are presented from the UAV's kinematics by
where p E e is the relative position in ERF; E e is the relative attitude in ERF; υ e is the relative velocity in UAV's BRF; e is the relative angular velocity in UAV's BRF. The relative velocity and relative angular velocity expressed in BRF are
where
R sa (14) and R sa = R T a R s is the direction cosine matrix of carrier's BRF to UAV's BRF.
Taking the time derivative of the relative velocity and relative angular velocity in (13) results in the 6-DOF relative motion model as
whereυ e is the relative acceleration,˙ e is the relative angular acceleration. Due to the under-actuated property of the fixed-wing aircraft in the control aspect, this 6-DOF relative motion model should be simplified to 4-DOF relative motion model. Because the lateral displacement y a of the fixed-wing aircraft is associated with the yaw angle ψ a , and the vertical velocity w a is related to the forward velocity u a in the autonomous landing missions. Therefore, to ensure the successful landing missions, the 6-DOF relative model is simplified as 4-DOF relative model, such as relative lateral displacement y e , relative vertical displacement z e , relative rolling φ e , and pitching attitude θ e . Thus, the 4-DOF relative kinematics and dynamics are presented by [18] , [19] 
and d τ , d f ∈ R 3 are also simplified as d τ s , d fs ∈ R 2 , respectively [25] . Remark 1: In terms of navigation, the accuracy of positioning technology for UAV autonomous carrier landing is very high. RTK (Real Time Kinematic) technology can meet the requirement of positioning accuracy. Unlike other positioning techniques, the RTK directly obtain the relative position data of the UAV and the aircraft carrier by calculating, rather than their respective position coordinates. So the accuracy of RTK technology can reach centimeter level. This is one of the reasons why this paper uses the relative motion model.
Assumption 1: The aerodynamic and control parameters can be presented by 
III. CONTROLLER DESIGN
The relative motion controller is presented based on an adaptive sliding mode design method. Adaptive laws are derived to compensate the parametric uncertainties and restrain the external environment disturbances in model [26] . Define a sliding surface [27] s =ẋ 1 + ax 1 (20)
Differentiating (20) with (16) leaveṡ
According to Assumption 1, we know the term f (x) can be divided into f (x) = f 0 + f and B can be divided into B D B 0 + B . Then, Eq. 
Introducing a linear operator L(a 1 ) ∈ R 4×15 for any vector a 1 = [u a , v a , w a , p a , q a , r a ] T results in a matrix (23) , as shown at the top of the next page, where 
vector
T results in a matrix (24) , as shown at the top of the next page, Thus,
and choose a Lyapunov function
with γ i > 0(i = 1, 2, 3). Then, taking time derivative of (26) leads toV
mḋ m (27) Substituting (25) into (27) giveṡ
Designing the adaptive sliding mode control input as can be presented bŷ 
and diagonal feedback gain matrix
Assign the update laws for unknown parameters as
Remark 2: Eq. (34) gives adaptive estimation laws for the unknown parameters ϑ , ϕ , d m , the control input u can be derived before updating the estimations of unknown parameters with the given initial estimations.
Substituting (34) into (33) and using properties s T sgn(s) = s 1 result iṅ
where µ = λ min (k 1 ), and λ min (k 1 ) is the minimum eigenvalue of matrix. Remark 3: Because of the dynamic coupling between relative position and relative attitude, the changing of a single control parameter can affect multiple states, such that the varying controller parameter k 1 have an influence on the convergence of the relative lateral displacement y e and rolling angle φ e . The decrease of k 2 will aggravate the shock of vertical velocity curve. The rise or fall of k 4 will affect the convergence of the relative pitch angle θ e .
Theorem 1: Consider the relative motion model (16) under Assumptions 1 and 2 for autonomous landing missions. The adaptive sliding mode controller (30) and corresponding adaptive laws in (34) can ensure that tracking errors of closedloop control system converge to zero and estimation errors of unknown parameters are uniformly bounded.
Proof: Since V (t) ≥ 0 andV (t) ≤ 0, thenV (t) is monotonically decreasing along the closed-loop control system trajectory and is bounded by zero. Hence, V (t) have a finite limit V (∞) as t → ∞, and satisfies 0 ≤ V (∞) ≤ V (t) ≤ V (0) < ∞, ∀t ≥ 0. Meanwhile, by integrating both sides of Eq. (35), we have
This means that s(t) is square integrable. From the definition of V (t) in (26), we know
Thus, s < ∞, and χ < ∞. From s < ∞, and (20), we have x 1 < ∞; from (16) and R e b = 1, we know x 2 < ∞; from χ < ∞, we can obtain θ < ∞, (30), we have u < ∞. Moreover, from (25), we know ṡ < ∞. This imply that s(t) is uniformly continuous. Based on the Barbalat Lemma, we prove lim t→∞ s(t) = 0. Furthermore, using the fact that the transfer function between s(t) andx 1 (t) is strictly proper and exponentially stable, from (20) and lim t→∞ s(t) = 0, we have lim t→∞x1 (t) = lim t→∞ẋ1 (t) = 0.
Remark 4: Basing on adaptive sliding mode technique, the relative motion controller is presented in this work. Based on the estimationsθ ,φ ,d m , the adaptive sliding mode controller can be derived. There are four control inputs in this system model. The thrust δ T and the elevator δ e are coupled to control the longitudinal direction. The aileron δ a and the rudder δ r are coupled to control the lateral direction. The relative motion model (16) and the adaptive sliding mode control law (30) can be used to calculate the variations of system states and online estimations in the current sampling time. Then by using the Euler integral method, all system states and estimations in the next sampling time can be derived. Thus, the iteration of closed-loop control systems can be realized step by step. 
IV. SIMULATION EXAMPLE
In this section, simulation describe an example of the autonomous UAV carrier landing missions, in which the carrier has a lower dynamic operation condition so that the landing can be carried out safely [28] . After the relative position and relative attitude have been precisely controlled, the UAV and carrier will be well aligned without relative motions. Simulation results are demonstrated the performance of the developed controller. The initial simulation values are shown in Table 1 . The desired relative position for autonomous UAV carrier landing in frame F g is 
Considering the medium sea condition in carrier dynamics, the carrier vertical motion coefficients are set as ζ 1 = 3.22, ζ 2 = 1.305, ω 1 = 0.6, ω 2 = 0.2; pitching motion coefficients are set as ζ 3 = 2.5, ζ 4 = 3.0, ω 3 = 0.5, ω 4 = 0.52, b 1 = 0.5; rolling motion coefficients are set as ζ 5 = 0.5, ζ 6 = 0.30, ω 5 = 0.6, ω 6 = 0.63, b 2 = 0.25.
To test the performance of control strategy designed in the last section, simulations for carrier following are implemented by Matlab. All values of parameters [29] - [32] used in simulations are demonstrated in Table 2 .
The lateral channel is mainly responsible for maintaining the stability of the positions and attitudes in lateral directions. The lateral relative position y e , velocity v e are depicted VOLUME 5, 2017 in Fig. 2 and Fig. 3 , which ensure that the UAV does not deviate from the carrier's runway. the relative attitude φ e and angular velocity p e shown in Fig. 4 are converged to zero, which avoid from rolling, because the unstable roll angle can cause the UAV to deviate from the setting course. According to Fig. 5 , it is shown that the desired landing objective is reached in about 20(s) and the relative vertical velocity goes to −5.49(m/s) depicted in Fig. 6 , which ensure the stability of decline rate. According to Fig. 7 , it is shown that the desired relative pitch angle goes to 4 • . This shows that the pitch angle, between UAV and carrier, maintain the 4 • angle. It's mean that the UAV, during the process of landing carrier, can make sure to go around which forbid anything that might happen [33] , [34] . Meanwhile, the control thrust δ T presented in Fig. 8 shows that the initial control input are large and appears a fluctuation during the process of carrier landing. In order to keep up with the movement of the aircraft carrier for desired position and attitude, UAV's thrust needs adjust constantly.
In order to drive the UAV to the desired position and attitude quickly, the control forces and torques presented in Fig. 9, Fig. 10 and Fig. 11 show that the initial control inputs are large. It decreases rapidly after the desired position and attitude is achieved.
V. CONCLUSION
A adaptive sliding mode control method was proposed for autonomous UAV carrier landing in this work. The external disturbances, dynamic coupling effect and uncertain aerodynamic parameters are considered simultaneously in 4-DOF integrated controller design. The adaptive sliding mode control scheme can deal with a large amount of unknown parameters in the coupled dynamics and achieve linear parameters estimation. Two degrees of freedom in forward and yaw directions are ignored, because the UAV is the fixed wing aircraft which is an under actuated system. In addition, due to the flight characteristics of fixed wing, maintaining a constant vertical velocity, the UAV can also meet the corresponding constant forward velocity. Thus, the forward position can be obtained indirectly in the given time. Similarly, while UAV maintain a constant lateral displacement, the control of the yaw angle is also satisfied to the desired target. Therefore, the demands of control law can be satisfied. The presented controller is able to drive UAV to the desired trajectory and attitude accurately in approach of carrier landing.Simulation example is shown to demonstrate excellent performance. Future works will focus on the more practical problem by extending the experimental method in this work. 
